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THE RADIO AGN POPULATION DICHOTOMY: 
GREEN VALLEY SEYFERTS VERSUS RED SEQUENCE LOW-EXCITATION AGN 

V. Smolcic 1 



ABSTRACT 

Radio outflows of active galactic nuclei (AGN) are invoked in cosmological models as a key feedback 
mechanism in the latest phases of massive galaxy formation. Recently it has been suggested that the 
two major radio AGN populations - the powerful high-excitation, and the weak low-excitation radio 
AGN (HERAGN and LERAGN, resp.) - represent two earlier and later stages of massive galaxy 
build-up. To test this, here we make use of a local (0.04 < z < 0.1) sample of ~ 500 radio AGN 
with available optical spectroscopy, drawn from the FIRST, NVSS, SDSS, and 3CRR surveys. A clear 
dichotomy is found between the properties of low-excitation (absorption line AGN, and LINERs) and 
high-excitation (Seyferts) radio AGN. The hosts of the first have the highest stellar masses, reddest 
optical colors, and highest mass black holes but accrete inefficiently (at low rates). On the other 
hand, the high-excitation radio AGN have lower stellar masses, bluer optical colors (consistent with 
the 'green valley'), and lower mass black holes that accrete efficiently (at high rates). Such properties 
can be explained if these two radio AGN populations represent different stages in the formation of 
massive galaxies, and thus are also linked to different phases of the 'AGN feedback'. 

Subject headings: galaxies: fundamental parameters - galaxies: active, evolution - cosmology: obser- 
vations - radio continuum: galaxies 



1. INTRODUCTION 

Observational studies at various wavelength regimes 
have converged towards a widely accepted galaxy evo- 
lution picture. In this scenario galaxies are thought 
to evolve in time from an initial star-formation domi- 
nated state with blue op tical colors into th e most massive 
'red-and-dead' galaxies dBell et a l. 2004a. bl: iBorch et al 
2006tlFaber et alj2007tlBrown et alj2007tlHopkins et al 



2007T ) . The transitional phase, that links the blue and 



red galaxy states, is reflected in a sparsely populated 
region in color-magnitude diagrams that is referred to 
as the 'green valley'. On the other hand, past cos- 
mological models have been unsuccessfu l in describing 
the f o rmation of massive g alaxies (e.g. IWhite fc Reesl 
119781 : IWhite fc Frenkl Il991h . They have led to sys- 
tematic over-predictions of the number of both massive 
blue, and the most massive red galaxies in the uni- 
verse. Only recently have these problems been over- 
co me by implem entin g 'AGN feed back' in the mod- 
els (ICroton et al.ll2006t lBower et alj|2006t [Hopkins et all 
120061: ISiiacki fc Springell 120061 : ISiiacki et all 120071) . Two 
types of AGN feedback are often invoked. The first is 
known as the 'quasar' or 'truncation' mode. In this mode 
quasar winds are thought to quench star formation, and 
cause galaxies to fade to red colors by expelling a fraction 
of the gas from the galaxy. The second, often referred to 
as 'radio' or 'maintenance' mode is linked to radio AGN 
outflows in already massive, red galaxies. These out- 
flows are thought to heat the surrounding medium, and 
thereby prevent further star formation in the galaxy and 
hence limit growth from creating overly high mass galax- 
ies. Although obse rvational eyidence supporting AGN 
feedback is growing ([Best et a,l.ll2006t iBundv et al.ll2008t 
iNesvadba etal]|200a ISmolcic et al.ll2009t ). its impact on 
galaxy formation and evolution is still poorly understood. 
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Here we focus on studying the link between radio AGN 
activity and massive galaxy formation. 

Studies of radio AGN suggest that powerful (Li 4GHz ^ 
10 25 W Hz" 1 ) and weak (Li. 4G Hz < 10 25 W Hz" 1 ) 
radio AGN represent differ e nt galaxy popu l ations 
(e.g. [^Earoff fc Rileyl H97l iLedlowfc Owenl HoM 
IKauffmann et al.ll2008fl. B ased o n a sample of local ra- 
dio AGN. IKauffmann et all (|2008f ) have shown that those 
with strong emission lines of high-ionization potential 
species are predominantly powerful i n radio. As has 
been s uggested in a model developed bv lHardcastle et ail 
(2006) this high/low excitation classification may repre- 
sent a principal separator between populations funda- 
mentally different in their black ho l e accretion mech- 
anisms (see also lEvans et all 120061: lAllen et all |2006; 



iKewlev et al.ll2006D . In this model, central super-massive 
black holes of high-excitation radio AGN (HERAGN 
hereafter) accrete in a standard (radiatively efficient) way 
from the cold phase of the intra-galactic medium (IGM), 
while those of low-excitation radio AGN (LERAGN here- 
after) are powered in a radiatively inefficient manner by 
Bondi accretion of the hot IGM. Although still awaiting 
a robust confirmation, this model successfully explains 
many obser yed properties o f radio AGN. 

Recently, ISmolcic et al.l (|2009l) have used a unique 
sample of weak (VL A-COSMOS; iSchinnerer et~aT1 [20071 : 
ISmolcic et al.l 120081 ) radio AGN, that reaches out to 
z = 1.3, to study their host galaxies, and cosmic evo- 
lution. They find that, i) already at z ~ 1, weak ra- 
dio AGN occur in red-sequence galaxies with the highest 
stellar and black hole masses, and ii) contrary to pow- 
erful radio AGN, the volume-averaged number-density 
of weak r adio AGN evolves on ly modestly with cosmic 
time (see ISmolcic et al.1 120091 and references therein). 
Based on these results, they have proposed an evolu- 
tionary scenario in which powerful (predominantly high- 
excitation) and weak (predominantly low-excitation) ra- 
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dio AGN represent different (i.e. earlier and later, resp.) 
stages of the blue-to-red galaxy evolution. This scenario 
suggests that the triggering of radio AGN activity is a 
strong function of host galaxy properties, linked to dif- 
ferent stages of massive galaxy formation. It also illumi- 
nates the mechanisms of 'AGN feedback', regularly in- 
voked in cosmological models, as it suggests that power- 
ful and weak radio AGN activities are bound to different 
types of feedback. 

The main goal of this Letter is to test the above out- 
lined models and scenarios. To do this we utilize a large 
local sample of radio AGN (Sec. [2]), in which accurate 
low/high excitation classifications can be obtained. In 
Sec. [3] we explore the fundamental differences between 
these types of radio AGN, and we put them into a per- 
spective of massive galaxy build-up in Sec. 3] 

2. THE FIRST-NVSS-SDSS RADIO AGN SAMPLE 

In order to investigate the principal differences be- 
tween various radio AGN types, we make use of a uni- 
fied catalog of radio object s detected by NVSS, FI RST, 
WENSS, GB6, and SDSS {Kimball fc Ivezidl200l . We 
have augmented this catalog with derivations of emis- 
sion line fluxes, 4000A breaks, stellar masses, and stellar 
velocity dispersions, dra wn from the SDSS-DR4 'main' 
spectroscopic sample (see iKauffmann et a l. 2003alfj and 
reference therein) 2 . The cross-correlation yielded 20,648 
radio object entries in the c atalog with availab l e line flux 
measurements 3 . Following Kimball fc Ivezid (|2008[ ) we 
further limit this catalog to 6,640 unique objects that 
have been detected by both the FIRST and NVSS sur- 
veys at 20 cm (equivalent to sample 'C in their Tab. 8, 
but without the 'overlap = 1' criterion). 

In order to access the most accurate emission line flux 
estimates we restrict the above defined sample of unique 
objects in redshift to 0.04 < z < 0.1, and select only 
sources with stellar mass, and 4000A break measures . 
We define emission-line galaxies as those where the rel- 
evant emission lines (Ha, H/3, O[III,A5007], N[II,A6584]) 
have been detected at S/N > 3, and consider all galax- 
ies with S/N < 3 in these lines as absorption line sys- 
tems. Given that the latter are luminous at 20 cm, 
they ca n be considered to be (low excitat ion) AGN 
(see e.g. iBest et al.ll2005t ISmolcic et aDl2008l for a more 
detailed discussion). Fu rther, using standard optical 
spectroscopic diagnostics dBaldwin. Phillips fc Terlevichl 
[i98lt IKauffmann et al.ll2003bl : iKewlev et al.ll200lL (200ffl 
we sort the emission-line galaxies into 1) star forming, 
2) composite, 3) Seyfert, and 4) LINER galaxies (see 
Fig. [I]). The last two classes have been selected by re- 
quiring S/N > 3 in S[II,AA6717,6731] and [OI, A6300], as 
well as 'unambiguously' by imposing combined criteria 
using 3 emission line flux ratios (see middle and right 
panels in Fig. [T]) . 



2 The catalogs with emission line fluxes 
(cmission_lines_v5.0_4.fit), and stellar mass, Dn(4000), and 
stellar velocity dispersions (agn.dat_dr4_release.v2) have been 
downloaded from www.mpa-garching.mpg.de/SDSS/DR4/ 

3 This catalog is available at 
www . astro . caltech . edu/~vs/RadioCat . php 

4 This includes all galaxies with available stellar velocity disper- 
sion, and 0[III] luminosity estimates. 
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Fig. 1. — Optical s pectroscopic diagn ostic diagrams 

(see Kauffmann et al. 2003b; Kewley et al. 2006) that separate 
emission-line galaxies into star forming, composite galaxies, and 
various types of AGN (Seyferts and LINERs). Small gray dots 
represent galaxies from the SDSS DR4 "main" spectroscopic sam- 
ple. Large open squares (filled dots) denote z < 0.1 3CRR radio 
galaxies independently classified (based on their core X-ray emis- 
sion) as s ystems with radia tively efficient (inefficient) black hole 
accretion jEvans et al.H2007j) . 

The spectroscopic selection yields final samples of ~ 
310 star forming galaxies and ~ 480 AGN, out of which 
~ 110 are 'unambiguous' Seyferts, ~ 120 are 'unambigu- 
ous' LINERs, and ~ 250 are absorption line systems. 
Hereafter, we will separately analyze the properties of 
absorption line AGN, LINERs, and Seyferts, keeping in 
mind that the first two are low-excitation systems, while 
the last has luminous and hard U V sources which ion - 
ize the observed emission lines (e.g. lKewlev et aLl f2006'). 
The full range of 20 cm radio power 5 in these samples is 
~ 10 22 - 10 25 W Hz" 1 . 

3. RADIO AGN HOST GALAXY PROPERTIES 

In Fig. [2j we show the distributions of color, 4000A 
break strength [D n (4000)] and stellar mass for the host 
galaxies of radio luminous AGN, spectroscopically di- 
vided into Seyfert, LINER, and absorption line galax- 
ies. While LINER and absorption line systems follow 
very similar distributions (as expected if low-excitation 
systems form one family), there are obvious differences 
compared to Seyfert galaxies. The former on average 
have redder optical g — r colors (left panel in Fig. [2]), 
larger values of D n (4000) (implying older stellar pop- 
ulations; middle panel), and higher stellar masses (left 
panel) . From these plots it is obvious that Seyfert galax- 
ies represent a population with properties in an inter- 
mediate range, linking those of star forming galaxies at 
one extreme to those of massive red galaxies at the other. 
In particular, Seyfert galaxies in the FIRST-NVSS-SDSS 
sample are consistent with 'green valley' objects, a pop- 
ulation thought to be in transition from st ar formation 
domi nated- to a 'red-and-dead'- state (e.g. iFaber et~aT1 
2007). We will discuss this further in Sec.H] 

In order to investigate the central super-massive black 
hole properties of radio AGN, in Fig. [3] we show the 
distribution of stellar velocity dispersion (c), and the 
ratio of 0[III] luminosity and cr 4 for the LINERs and 
Seyferts in the FIRST-NVSS-SDSS sample. As black 
hole mass is tightly correlated with the bulge stellar ve- 
locity dispersion (log M B H = 8.13 + 4.02 log 200 k ^ ns _ t ; 
iTremaine et al.l I2002D log cr is a proxy for black hole 
mass. Furthermore, as ^o[im traces w ell the AGN bolo- 
metric luminosity (see iHeckman et "aLll2004l for details), 
the quantity io[iii]/ (j4 i s proportional to the mass ac- 

5 Computed using the NVSS total flux densities (F„), and as- 
suming a spectral index of a = 0.7 (F y oc v~ a ) 
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cretion rate onto the black hole (in Eddington units; 

L/Ledd = RIbh/Medd)- Fig. [3] shows that radio lu- 
minous LINERs have systematically higher black hole 
masses, and lower accretion rates (in Eddington units) 
than radio luminous Seyferts. This is consistent with 
the overall properties of L INER and Seyfert galaxies (|Hd 
120051 : iKewlev et al.l 120061) . and in support of the radio 
AGN scenario developed bvlHardcas tle et ail (l2006f) . and 
based on the results presented in lEvans et alj (2006, E06 
hereafter). 

Using high resolution X-ray imaging of radio cores in 
a sample of 22 3CRR (z < 0.1) radio galaxies, E06 
have studied accretion rates in various types of radio 
AGN. They have found that X-ray cores of usually pow- 
erful, edge brightened (FR II) radio galaxies are dom- 
inated by absorbed, accretion related emission. Con- 
trary to this, they find that X-ray cores of typically 
weak, core dominated (FR I) radio galaxies likely arise 
from a jet, and any additional accretion-related compo- 
nents in thes e have low radiat i ve effi ciencies. Based on 
these results. ISardcastle et al.1 (|2006l) have assumed that 
it is the excitation state (rather than radio morphology) 
that is the principal separator of the black-hole accretion 
mechanism in radio AGN. Recently, high-quality opti- 
cal spectroscopy, that allows a robust high/low excita- 
tion c lassification of the E06 sample, has become avail- 
able. iButtiglione et al.1 (|2009D have computed emission 
line fluxes for a large number of radio AGN, includ- 
ing most of the galaxies in the E06 sample. Thus, it 
is now possible to view the E06 sample robustly sepa- 
rated into low-excitation (LINER) and high-excitation 
(Seyfert) state systems. In Fig. [T] we have overplotted 
the 3CRR galaxies studied in E06 with available spectro- 
scopic line measurements. The properties of this sample 
are summarized in Tab. [TJ Fig. [T] clearly shows that the 
3CRR radio galaxies independently classified as radia- 
tively inefficient accretors (E06) are LINERs, while those 
identified as accreting efficiently are Seyferts (see also last 
column in Tab. [J). Only two galaxies (3C 31, and 3C 449) 
are classified here as Seyferts, yet they have been iden- 
tified as radiativelly inefficient accretors by E06. How- 
ever, as evident from Tab. [1] their black hole accretion 
efficiencies may also be consistent with radiativelly ef- 
ficient accretion. Overall, the black hole masses of the 
3CRR LINER galaxies (< log Af BH >= 9.14 ± 0.06 M Q ) 
are systematically higher than those of 3CRR Seyferts 
(< logAf B H >= 8.3 ± 0.1 M ), consistent with the 
black hole properties of FIRST-NVSS-SDSS LINERs and 
Seyferts. 

4. SUMMARY AND DISCUSSION 

We have based this study on a local (0.04 < z < 0.1) 
20 cm selected sample of radio AGN detected by the 
FIRST and NVSS surveys. By cross-matching this sam- 
ple with optical spectroscopic measurements from the 
SDSS survey, we have investigated the principal host 
galaxy and central super-massive black hole differences 
between various types of radio AGN. In the following 
we will refer to the radio LINER and absorption line 
AGN as low-excitation radio AGN (LERAGN), and to 
Seyferts as high-excitation radio AGN (HERAGN). Fur- 
thermore, we take the powerful (Li.4qhz ^ 10 25 W Hz -1 ) 
and weak (Li. 4GHz < 10 25 W Hz" 1 ) radio AGN to be 
predominantly high- and low-excitation systems, respec- 
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Fig. 2. — Distribution of g — r (left), 4000A break (middle), 
and logarithm of stellar mass (right) for radio luminous LINERs 
(filled histograms), absorption line systems (vertically hatched his- 
tograms), and Seyferts (diagonally hatched histograms), drawn 
from the FIRST-NVSS-SDSS sample. For comparison, the distri- 
bution of radio luminous star forming galaxies is also shown. Note 
that Seyfert, i.e. high-excitation, radio sources occupy an inter- 
mediate region between star forming and low-excitation (LINERs, 
and absorption line) AGN in these diagrams. 
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Fig. 3. — Distribution of a) velocity dis persion, it 4 (left panel ), 
which is proportional to black hole mass l ITremaine et al.ll2002T ), 
and b) log Lq [111]/°" 4 (right panel), proportional to black hole ac- 
cretion rate (in Eddington units; Hcckman et al. 200j|) for radio 
luminous LINERs (filled histograms), and Seyferts (hatched his- 
tograms) studied here. 

tively (based on the results from Sec. []}. 

4.1. The black hole properties of radio AGN: A 
low/high excitation state dichotomy 

Based on the FIRST-NVSS-SDSS sample we have 
shown that the mass accretion rates (in Eddington units) 
in low-excitation radio AGN are on average substantially 
lower than in high-excitation radio AGN, while the trend 
is opposite for their black hole masses. This is consistent 
with the high-resolution X-ray analysis of the cores of 
local 3CRR radio galaxies (E06 ). Combining these with 
recent line flux measurements (jButtigl lone et~all 120091) 
suggests that LERAGN accrete onto their black holes in 
a radiatively inefficient way, while the black hole accre- 
tion in HERAGN occurs via a standard thick disk in a 
radiatively efficient manner. Thus, the division of radio 
AGN into low- and high-excitation sources seems to be 
a good proxy for identifying radio AGN, fundamentally 
different in their central supermassive black hole proper- 
ties. Furthermore, we have shown that these two types 
of radio AGN show systematic differences also in their 
host galaxy properties on large (kpc) scales. As outlined 
below, this link between pc-scale and kpc-scale galaxy 
properties may be explained if HE- and LE-RAGN repre- 
sent different stages in the process of massive red galaxy 
formation. 

4.2. The low/high excitation radio AGN dichotomy in 
the context of massive galaxy formation 

Galaxies are thought to evolve in time from an initial 
stage with irregular or spiral morphology and blue opti- 
cal colors towards elliptical morphologies with red opti- 



4 



V. Smolcic 



TABLE 1 
Properties of 3CRR radio AGN 



name 


1 

redshift 


IN [llj/ria; 


o[11J/Hq 


U[lJ/HQf 


0[in\/np 


log Ai B H 


r it 

^O.S-lOkeV/^EDD 


3C 33 


0.060 


0.630 


0.720 


0.250 


11.452 


8.68 


1.6 X 10" 03 


3C 98 


0.030 


0.760 


0.570 


0.150 


12.040 


8.23 


3.7 x 10" 04 


3C 390.3 


0.056 


0.470 


0.200 


0.270 


10.125 


8.53 


1.1 x 10-° 2 


3C 403 


0.059 


0.840 


0.490 


0.130 


14.160 


8.41 


3.3 x 10 -03 


3C 452 


0.081 


1.080 


0.650 


0.270 


6.652 


8.54 


3.3 x 10 -03 


3C 31 


017 


0.990 


0.690 


0.140 


2.867 


7.89 




3C 449 


0.017 


1.380 


0.510 


0.130 


3.000 


7.71 


< 7.0 x 10 -03 


3C 66B 


0.022 


2.450 




0.260 


3.955 


8.84 


< 4.4 x 10 _us 


3C 83.1B 


0.027 


1.350 






1.736 


9.01 


< 6.8 x 10" 06 


3C 84 


0.018 


1.120 


1.050 


0.640 


4.976 


9.28 


< 9.2 x 10-° 6 


3C 264 


0.022 


1.450 


0.660 


0.220 


1.222 


8.85 


< 1.8 x 10" 05 


3C 272.1 


0.004 


1.280 


0.860 


0.230 


1.900 


9.18 


< 8.5 x lO" 07 


3C 274 


0.004 


2.320 


1.450 


0.360 


1.824 


9.38 


< 4.3 x 10" 07 


3C 296 


0.025 


1.840 


0.810 


0.220 


2.700 


9.13 


< 1.2 x 10" 05 


3C 338 


0.032 


1.630 


0.740 


0.180 


1.167 


9.23 


< 2.0 x 10" 05 


3C 465 


0.030 


2.770 


0.790 


0.260 


2.706 


9.32 


< 2.2 x 10~ 04 



■ The first column represents the 3CRR source. The second col umn shows the redshift, and columns (3) to (6) line flux ratios for each 
source (shown in Fig.[l]and adopted from Buttiglionc ct al. 2009). The last two columns, adopted from Evans ct al. (2006, E06), represent 
the black hole mass, and accretion efficiency (in Eddington units) for each AGN (see text for details; the upper limits are obtained assuming 
N H = 10 24 atoms cm 2 ; see E06). Radiatively efficient (top) and inefficient (bottom) accretors, as defined by E06 based on their core X-ray 
emission, are separated by the double horizontal line. The single horizontal line separates Seyferts (top) and LINERs (bottom), identified 
here based on their optical spectroscopic properties (see Fig. [T] and text for details). 

most massive galaxies, with the reddest colors, consis- 
tent with final stages of massive red galaxy formation. 
On the other hand, the host galaxies of high-excitation 
radio AGN have colors consistent with a transitional re- 
gion ('green valley') between blue and red galaxies (see 
also Sec. [3]). Compared to LERAGN, they on aver- 
age have younger stellar populations, lower black-hole 
masses, and higher accretion rates (see Sec. [3]). Such 
properties are consistent with an intermediate, very ac- 
tive phase in which galaxies are undergoing substantial 
stellar and black hole mass build-up on their evolutionary 
path towards a massive 'red-and-dead' state. 

Our res ults are in agr e emen t with the scenario pre- 
sented by ISmolcic et al.l (|2009). Based on a study of 
the evolution of weak ( VLA-COSMOS) a nd powerful 
(3CRR, 6CE, and 7CRS: IWmo"tt et al.lf200lh radio AGN 
since z — 1.3, they have proposed that powerful (high- 
excitation) radio AGN represent an intermediate stage 
in the formation of a massive-red galaxy, while weak 
(low-excitation) radio AGN occur in the latest phases 
of this process when the galaxy has already assembled 
both its stellar and black hole masses. Thus, in the con- 
text of AGN feedback as a relevant mechanism for the 
formation of massive galaxies, only LERAGN, i.e. weak 
(Li.4ghz < 10 25 W Hz" 1 ) radio AGN, are expected to 
contribute to the so called 'radio mode' feedback, respon- 
sible for limiting stellar mass growth. Namely, in cos- 
mological models this mode becomes important when a 
galaxy has already assembled most of its mass, and it has 
formed a hot spherical halo. Such properties are observed 
in massive galaxies that host predominantly weak radio 
AGN. On the other hand, the results presented here show 
that HERAGN, i.e. powerful (Li. 4G Hz > 10 25 W Hz" 1 ) 
radio AGN, occur in a 'transitional' evolutionary state 
linking blue star forming and massive red galaxies. Thus, 
in terms of AGN feedback, powerful radio AGN outflows 
are more closely linked to a different feedback phase, 
namely the 'quasar mode' thought to be relevant for star 
formation quenching in galaxies that causes blue star- 
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Fig. 4. — u — r color versus stellar mass for the general pop- 
ul ation of galaxies (0 .04 < z < 0.1; drawn from the sample used 
in Smolcic ct al. 2006) shown in contours. The contour levels start 
at 26, and continue in steps of 2" (n = 1,2. ..5). The distributions 
of low- and high- excitation radio AGN (LERAGN and HERAGN 
respectively) is also shown (filled and open symbols, resp.). Note 
that HERAGN represent a transition population, consistent with 
'green valley' objects, while LERAGN predominantly occupy the 
red sequence. 



cal colors and the high est stellar masses (M» > 10 11 M Q ; 
e.g. iFaber et al.l l2007h . In the context of this red mas- 
sive galaxy formation picture, the results presented here 
imply that LERAGN and HERAGN represent different 
stages of this process. As summarized in Fig. |H low- 
excitation radio AGN are predominantly hosted by the 
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forming galaxies to fade to redder colors. 
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